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Symbols

S Electrode potential

0 . Standard electrode potential

5 a,c
max Potential corresponding to maximal anodic or cathodic

current

E1/2 Semiwave potential (from polarpgraphy)

aCoefficient of charge transfer

k Rate constant

ks  Rate constant related to the standard potential (E0)

ki  Rate constant related to the initial potential (Ei)

CO Concentration of substance R or 0 in the solution,R,0

CR, CO  Concentration of substance R or 0 at the electrode
surface

f Parameter defined as f = nF/RT

n Number of electrons involved in the electrode process

f; Parameter defined as f! = naF/RT

na Number of electrons involved in the rate-limiting step

DR, DO  Diffusion coefficient of substance R or 0

x Coordinate perpendicular to the electrode surface
(distance from the surface of the electrode)

t, T Time, in the general sense

h Time in which the potential changes from si to ef

v Rate of potential change (v = dg/dt)

v Parameter defined as v = exp[f(e -E0)]

, Parameter defined as y = iVD7DR

A Electrode surface

Bads Intermediate adsorbed to the electrode
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Csd Capacity of the electrochemical double layer

Cad Pseudocapacity due to adsorption (or desorption) of
intermediates at the electrode

ri  Superficial concentration of species i

Maximal superficial concentration (r = x)

ai  Activity of the species i

0 Degree of screening, defined by the ratio ri/r,

iii



-VOLTAMETRY-WITH LINEAR VARIATION OF THE POTENTIALS APPLIED
TO THE STUDY OF ELECTROCHEMICALRREACTIONS

I.C. Raducanu and D. Geana,
Polytechnical Institute Bucharest, Department of Physical

Chemistry and Electrochemistry

1. Introduction /573*

The method of voltametyy with linear variation of the poten-

tial (VLVP) occupies a major place among the numerous modern methods

of investigation of electrochemical reactions [1] due to the

possibilities which it offers. In fact, this method is an ex-

tenlsion of the classic polarographic method to solid electrodes,

and, at the same time, it is an improvement in the sense that it

utilizes potentiostatic control. Several names are used for this

method in the literature, the most common of which are "potential

sweep method," "triangular voltage sweep method," "cyclic Volt-

ametyg" ' "potentiodynamic method," "potentiostatische Dreiecks-

spannungsmethode," etc. We have assumed the term given in the

title as being more precise because the translation of the above

terms into Romanian does not generally convey the true meanig and

could lead to confusion.

From a practical viewpoint, there are three versionsofthhe

method:

-- voltametry with simple linear variation of the potential

(simple voltamptry). In this case, the potential changes linear-

ly in time from an initial to a final value. This case is similar

to classic polarography (Fig. la);

* Numbers in the margin indicate pagination in the foreign text.
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Fig. 1. Various patterns of linear potential varia-
tion in voltametry: a) voltametry with simple
(single) linear variation of the potential; b) volt-
ametry with linear triangular variation of the
potential (linear cyclic voltametry), and c) voltametry
with linear multicyclic variation of the potential
(linear multicyclic voltametry).

-- voltametry with linear triangular variation of the poten-

tial (cyclic voltametry). In this case, the investigated voltage

range is crossed once from initial potential to final potential,

and then in the opposite direction. A triangular variation of the /574

potential is thus seen in the course of time (Fig. lb);

-- voltametry with linear multicyclic variation of the poten-

tial (multicyclic voltametry). This is an extension of the

preceding case -- a triangular cycle is repeated several times

(Figs lc).

Of these versions, the first two have been largely utilized

in the following fields:

-- kinetics and mechanism of electrochemical reactions

(io , a, ks, n);

-- study of the intermediates formed in electrode reactions

and of the processes of electrosorption and electrocatalysis

(e, Cdifrei);

-- electroanalytical chemistry (e112, imax - C9).



As the rate of variation of the potential may vary within

very wide limits, the method may be used in several types of

measurements, such as

-- measurements similar to the stationary ones, for

v < 1 mV/sec;

-- quasi-stationary measurements, for v = 1-100 mV/sec;

-- nonstationary measurements, for v > 100 mV/sec; at higher

rates of potential variation (V > 100 V/sec), the method becomes

a relaxation method comparable to the galvanostatic procedure.

From this viewpoint, the VLVP method has an advantage over

other methods, which explains its wide utilization in numerous

electrochemical studies in the last decade.

2. Principle of the Method

As known, in the classic polarographic method which uses an

Hg'.ele~trbdedas the standard electrode, a linear variation of

the voltage at the borders of the polarographic cell is recorded

int ime using a continuous voltage source and a potentiometer

which is usually of the drum type.

The response relationship i = f(c) can be recorded. Due to

the stirring effect of the Hg electrode, the obtained current

corresponds to the process of transport of substances participa-

ting in the electrode reaction, which in the end reaches the

value of the limiting current. The polarographic method has

numerous practical applications in electroanalytical chemistry. /575,

However, from the standpoint of the study of electrochemical reac-

tions, the polarographic method is limited in several ways, e.g.:
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-- low concentrations of the reactants are used, which is a

drawback in the study of technological reactions;

-- practically only the Hg electrode is used;

-- the study of kinetic parameters is only possible for slow

reactions of charge transfer (small Echange current, io ) or for

systems of coupled chemical reactions which have low rates;

-- it is difficult to study the adsorbed intermediates which

appear in rapid processes of charge transfer.

The method of voltametry with linear vatiation of the poten-

tial which was designed independently by Sevcik< [2] and Randles

[3] as an extension of the polarographic method to the stationary

Hg electrode, has been applied in numerous studies' dealingwith

the kinetics of electrochemical reactions.

The VLVP method was first utilized on solid electrodes in

non-agitated solutions by Will and Knorr [4] for the study of the

adsorption of intermediates in reactions of hydrogen and oxygen

liberation at electrodes made of noble metals.

From the standpoint of the study of electrode processes, two

large categories of applications for VLVP can be distinguished:

a) study of electrochemical reactions add/or chemical reac-

tions coupled to them, where the rate-limiting step is the diffu-

sion of the reactants t!wards (or from) the electrode, or charge

transfer.

A typical example of such studies is presented in Fig. 2,w

which represents the reversible redox system Fe 2 +/Fe3+ ('a dfffu-

sion-controlled process) on a shining Pt electrode. It can be

seen that as the potential becomes more and more positive (or

4



more n~gative in the cathodic section), the current increases and

reaches a peak which corresponds to theodidation or reduction

of the species in the solution. Since the electrolyte is not

agitated and diffusion is slow, the concentration of the reactant

on the surface of the electrode decreases, as a result of which

a decrease in the current is recorded.

The maximum current, imax, and the corresponding potential

Smax can be measured directly on the voltamogram and utilized for

kinetic studies. These are related to-the rate of potential vari-

ation and to the concentration of the reactants.

Other information on thekkinetics of the process can be

obtained from the first part of the curve (approximately 10%

mia' x; in this reg ron

Sp~. .the charge transfer .a

predominates and Tafel

S. representations can be made

0r L"from the shape of the volt-

o/0 amogram and the correlation

-a .. of the maximal values

(imax, .max) for the anodic

and cathodic sections of

the curve. In this con-

Fig. 2. Voltamogram obtained at nection, the VLVP method

a Pt electrode in 1 N H2 SO 4 for has been utilized with very
S [illegible]/dt = 0.180 V/sec, interesting and suggestive
which contains the reversible
redox system Fe 2 +/Fe 3 + (Raducanu results in organic
[E61). electrochemistry.

b) btudy of electrochemical reactionswwith adsorbed interl /577

mediates, i.e. with slow stages of charge transfer or adsorption.

Numerous studies of electrosorption and electrocatalysis have been

made with the VLVP method.
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#Ao Fig. 3 presents the

voltamograms obtained on

o Pt and Au in 1 N H2 SO04 .
-s Three regions can be

,.o distinguished in

diagram 3a, corresponding

to the processes taking

place in the particular

-m .T solution: oxidation

*o. (reduction) of the ad-

,] L sorbed hydrogen 0-350 iV

o ~.~ (the two peaks correspond

-~ .f-- to two energetically
-o . - different types of H

li. 'adsorption), the "double

layer" region 350-800 mV

6) ' "" and the formation (reduc-

tion) of the oxygen
Fig. 3. Voltamograms obtained with deposit (at potential
Pt (a) and Au (b) in 1 N H2SO4 for
dg/dt = 14.4 V/sec (Raducanu [6]), values more positive than
Radacanu and Lorenz [7,8]. 800 mVO).

The region of adsorbed hydrogen is lacking in the case of

Au (Fig. 3b), while the region of oxygen adsorption appears at

potential values more positive than 1350 mV. It should be men-

tioned that the "double layer" region on this electrode is much

larger than the "double layer" region on Pt. This characteristic

of the Au electrode was used by us in the study of the effect of

surface-active substances on the reactions()of charge transfer and

transfer of metal ions [6-8].

In both systems (Pt/H +; Au/H+), a direct correlation is ob-

served betweentthe magnitude of the maximum currents, imax, the

position of the potentials corresponding to these maximum currents

(Emax) and the rate of variation of the potential (v = ds/dt).
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At high rates of potential variation, the amounts of electricity

consumed in the anodic processes equal those consumed in the

cathodic processes (Qa/Qc = 1) and correspond to the oxidation,

respectively reduction, of a monomolecular layer of adsorebdd

species [9].

Such measurements were performed in order to determine

experimentally certain parameters (Cdif, e, ri) in the electro-

sorption and electrooxidation of organic fuels with useful

applications in the technology of combustion piles [10-15].

3. Instrumentation

Fig. 4 represents a sbhematic diagram of the electric circuit

for measurements by the method of voltametry with linear vaftation

of the potential. The electrolysis c6ll

is of the common type and comprises

t three electrodes: standard electrode, /578

r ,.contra-electrode and reference elec-

trode. Depending on the system chosen

for study, the cell may be supplied with

several accessories, e.g., a system for

bubbling inert gas, for the introduction

of the various additions, analyses,

thermostating, etc. It should be noted
Fig. 4. Shematic

that the referenceaelectrode must be
diagrm of the elec-
tric circuit for the chosen in such a way as not to cause
method of voltametry contamination of the solution with im-with linear variation
of the potential. purities or the initiation of undesired

chemical reactions. Control of the

electrode potential (E) is done by means of a potentiostat (P)

which usually has to have avery short response time((T K 10-5 sec),

while the linear variation of the potential in time is ensured by

a generator of functions((G). These generators are supplied

commercially for several types of functions (triangular,

7



rectangular, sinusoidal, trapezoidal, etc.); the VLVP method

req&ires a generator of triangular functions, preferably with a

wide frequency range (10-3-104cps). Certain types of potentio-

stats incorporate devices for linear variation of the potential,

but these are limited to low rates. Recently, special generators

have been built for voltametric measurements which have several

advantages and simplifications regarding the choice of dE/dt and

of the investigated potential range (cE - si)-

An electronic voltmeter with constant current (VE) is

required for the measurement and determination of the voltage range

and for preliminary standardizations.

In the obtained diagrams (voltamograms), the abscissa repre-

sents the potential (time) while the ordinate .re resents t'he

current. These are recorded by means of an oscilloscope (Osc)

or an XY edord . The linearly variable voltage supplied by the

generator is applied on the horizontal axis and its amplitude is

identical to the sE - ei difference; on the vertical axis, the d p)

if voltage on a standard resistance R is applied as a measure of

the current. Some recent potentiostats have anbuilt-in resistance

R.

The oscilloscope, especially the one with memory, is commonly

utilized for the recording (orpphotography) of voltamograms ob-

tained with high or very high rates of variation of the potential,

while the XY recorder is preferentially for low rates.

4. Types of Reactions /579

Electrochemical reactions are complex processes which in the

most general case imply mass transport (diffusion, migration and

convection), charge transfer, electrosorption, and electrocataly-

sis. At the same time, the electrode reactions are often

accompanied by chemical reactions elicited by the complex nature

8



of the reaction medium at the surface of the electrode and in

the body of the solution. Such reactions are particularly im-

portant in applied electrochemistry (especially organic [16]),

where the yield of a certain product is directly determined by

the conditions and the mechanism of these reactions.

It is convenient for experimental studies and for facilitating

interpretation of the practical results to consider various reac-

tion pathways in Which only one or at the most two stages are

considered to be decisive for the given process.

A series of reaction types are presented in thelliterature

[17-28] which may be generally classified as shown below, taking

into consideration the process of electrosorption:

I) reversible reactionsoof charge transfer

0 + ne + R (I)

This type of reaction may appear in two versions [17]:

Ia) reversible processes in which the species 0 and R are

soluble substance (redox systems),

Ib) reversible processes where one of the reactant species

is insoluble (e.g., in cathodic electrodeposition [17, 29, 30]).

It should be mentioned that under certain conditions (excess

of Indifferent electrolyte, lack of agitation, etc.), such pro-

cesses are controlled solely by the rate of diffusion of the

reactants.

II) irreversible reactions of charge transfer

0 + ne + R (II)

9



Such processes are controlled by the rate of electron /580

exchange as diffusion is more rapid in this case.

There is also a transition field between these two cases

(I and II), the quasi-reversible [18] case, where the overall

rate of the process is determined both by diffusion and by charge

transfer.

III) reabtions of charge transfer coupled with preliminary

chemical reactions

A O0 (III)

followed by

0 + ne * R (IIIa)

or

0 + ne + R (IIIb)

In this case, the preliminary chemical reaction (A O) is

of the first order.

The case of a preliminary chemical reaction of a highenrorder

such as

D A + nBB noO P + nP (IIIc)

followed by a reversible charge transfer (analogous to (IIIa)) or

an irreversible charge transfer (analogous to (IIIb)) is also

analyzed in the literature [22].

IV) reversible reactions of charge transfer coupled with

subsequent chemical reactions

O + ne I R (IV)

10



followed by

R M (IVa)

or, in the case of a subsequent reaction of a higher order:

nlR "+8 - Tm + nTT (IVb)

It is also possible to have an irreversible later reaction

of the type

R + N or R + Z - products (IVc)

Asparticular case of practical importance is the dimerization

reaction [21, 22, 28]:

3R - R2  (IVd)

V)' reversible reactions of charge transfer coupled with /581

parallel (catalytic) chemical reactions.

O + ne R (V)

coupled with

R+ C O (Va)

or, for a reactionoof higher order:

nxR + ncC -- noO +npP (Vb)

The chemical reaction may also be irreversible

R + D 0 O (Vc)

11



and may be a special case, such as the reaction of disprOportiona-

t,i.on [24, 31, 32]:

2R + + Z (Vd)

VI) irreversible reactionsoof charge transfer coupled with

parallel (catalytic) chemical reactions:

0 + ne R (VI)

coupled with reactions of the type represented as (Va)-(Vd).

VII) ECE (electrochemical-chemical-electrochemical) reactions:

0 + ne ' R (VII)

followed by a chemical reaction of the type

R # O' (VIIa)

or

R + Z O' + products (VIIb)

cotiitnued with a new electrochemical reaction of charge transfer:

0' + n'e R' (VIIc)

VII) reactions of charge transfer which involve adsorption /582

and/or desorption at the electrode [4, 25-28, 36-42]:

A Bads + e (HmI I)

In this case, the intermediate adsorbed on the electrode

(Bads) is formed in the reaction of charge transfer. This case was

treated under conditions of adsorption of the Langmuir type

[25, 28, 391 or of the Temkin type [26-42].

12



Another suggested mechanism assumes that the reaction of

charge transfer (considered reversible) takes place at first and

is followed by a process of adsorption-desorption of one of the

reactant species [271:

0 + ne ' R (VIIIb)

R Rads '(IIIc)

'.5on The6retidca Background of the Method Applied to a Few Reaction
Mechanisms

The method of voltametry with linear variation of the poten-

tial is applicable in the study of reactions of the type presented

in the preceding section (reactions (I)-(VIII)), where it provides

both qualitative and quantitative information. In this connection,

it is noteworthy that the method has gained in value with regard

to its possibilities in the quantitative sense after 1962, i.e.,

at the same time with the development of the theory of the method

[19-421.

We shall now present the theoretical background of the method,

as applied to a few types of the above reactions.

All these electrochemical reactions (I)-(VIII) take place

under conditions where the electrode potential is changed by a

linear equation of the type

- for t(1)

or, under conditions of cyclic voltametry

S= 2v,% ":t \ for (2):

where v = de/dt.

13



Equations (1) and (2) have been written conventionally con- /583

sidering the variation of the potential in the cathodic direction

(reduction process); it is obvious that when the potential

vaiies in the anodic direction, the signs if the equations change.

The purpose of the mathematical treatment is to obtain an

equation correlating the rate of the process with the parameters

which form the variables, i., = f(e,t,v,CO) and to find simpler

criteria for comparing the theoretical data with the experimental

results.

5.1. Reversible Reactions of Charge Transfer

The electrochemical reactions which enter under this heading

can be represented in a general manner by the following

equilibrium

0 + ne R (I)

In order to obtain the equations corresponding to this

case (I), one has to keep in mind that the potentials in equations

(1) and (2) are functions of time.

For a stationary plane electrode under conditions of semi-

infinitive linear diffusion, the variation in time of the con-

centration of the reactants is represented by the Fick equations

of diffusion [19, 431: OCO

(3a)

OCa =DCR
----- .- .

The initial conditions are

t = 0; x > 0,i

Co= co; CR = Co (eventul 0).

14



The limiting conditions correspond to

> 0; -o, (5)
CO COS; C o CL (eventual.. 0)

while for t O, x = 0:

Do D° it = (6)
at. t nFA

and /58

exrp [(f- e .

The differential equations (3) are usually solved by means

of the Laplace transformate.

The Laplace transformate ,./[C(t)] or C(s) of a function C(t)

is defined by the expression

C(s)= C(t) exp (- st) dt. (8)

The differential equations (3) can be modified as follows:

"-(° exp 0(-st) dt = oIoz_ exp(- st) dt. (9)

.O t . OzX

The left term of equation (9) can be integrated as follows:

:I, -- exp(-- t) dt =exp -st) Co(r,t -) +s C (r,t) exp(- st)dt (10)

S-- cc, o) +8, ,)= O* + , ,15

15



while the right terms of equation (9) leads finally to

:Do - - exp (- t) dt= Do  Co(x t) exp C- sotdt = Do d ( (11)dX'2* dx2

Consequently, the differential equations (3) are reduced to

differential equations with constant coefficients

d d'C0 (Z, a)Do d°x's -ao(, ) + Cg = 0, (12)

d_(,_ (13)
SDR -- 8 (x, 8) + C! = 0.

The solutions of these differential equations (12), (13)

have the form:

o ! A'x- B' exp [ +-,
D o o I (14)

S./585
C: a="ePi(.)p + I IexP[.t+c../ (15)

Condition x -* leads to B' = B" = 0, and so:

o= A'exp - i C (16)

__ "exp - " I + * (17)

The constants A' and A" can be determined from the limiting

condition (6) modified by means of the Laplace transformate and

for x = 0:

16



Do , D) (18)ox ax

where

q(a)

[ -)(19)

Do'"(' -A ex - i (*)

or for x = 0:

A'
So -  . . _ (21).

Constant A" is obtained in an analogous way:

A" =
-V*7 '(22)

It follows that:

Co(,t) =- ( (23)
Oa +f D Do 92 )

a jiD. DR. (24)

Ecomtequations (23) and (24), for x = 0, it follows that: /586

Co(O, t) = (25)
c . V)o

c (O, + (26)

17



Equations (25) and (26) may be converted into integral equa-

tions by applying Laplace's inverse transformate [43]:

o 7 (27)

noo Yt -T (28)

where the function 0(t) is given by equation (6).

Taking into consideration relation (7) and equations (1) and

(2)\, one can write:

(29)

Ca
where

v exp [f(s, - ())],
(30)

L(s = exp - at) pentru t ), (31)

c(i exp (at - 2a).) pentn S> (32)
and

a=f.. / (33)

For t < X, equation (29) becomes

Co= v exp (- at). (34')

By dividing equation (27) by equation (28) and taking into
0

account equation (29), one obtains for CR:

( C) V Do (35)

18



where /587

(36)

From equation (33) it can be seen that the terms at is

nondimensional and is proportional to the potential:

a1 =fr =f(,~ 4). (37)

As the purpose is to obtain relations for the current-

potential curves (pr 'ferably for current-time curves), all calcu-

lations should be done with reference to at and not t 1 t The

following substitutions variables are made with this in mind [19]:

= z 2 (38)
a

As a result of the substitution of variables, equation (35)

becomes:

a t - dz 1 + y v 8.(a) (40)

Integral equation (40) can be made nondimensional by the

substitution

g(a) =t,,roa xC(a), ( 41)

which finally leads to an integral equation of the form

_____1 -(42)
_dz== =

SVaT 1 + yv ,r(at)

19



Solution of equation (42) gives values for the function X(at)

at various values of the Xv product.

The current (i), a function of the potential (E), can be

expressed, according to relations (6), (39) and (41), as follows:

i =.nFA D..oa (at) (43)

or by taking into account equation (33), i.e., a - f-v, in which

case the current becomes [17, 44]:

S(- T) A o o tD tCZ(a).- (44)

The dependence of the current on the potential is evident /588

from the relation between equations (7) and (34):

exp [f(c CO)]= ep ( 45)

which can also be written:

s =* + [Inv + In 8(at)]. (46)

If the term 1/f Iny is added and subtracted from relation

(46) and the expression of the semiwave potential from polaro-

graphy is introduced, which is defined as:

i=m -li" 7In (47)

then equation (46) becomes

a - a = [In yv + In (at)], (48)

20



showing that XCat) is a function of the value of the difference

S- 1/2.

Equation (42) can be solved by several methods,

Nicholson and Shain [19], using the numerical method,

tabulated the values of the "current function" -- ~( X(at) --

for various values of the term n(c - 61/2) within the range

0-120 mV. Other solutions can be found in the literature, which

were obtained either by the analytical method [18, 45] or by

derivations in series [2, 43, 46], both of which finally led to

a numerical solution.

The series solution of Reinmuth [43, 46] is more general and

has the following final form:

X(at) (-1+ e -- - ti (49)

Whenaa plane electrode is used, the function of the current

-- X X(at) -- has a peak, the value of which equals 0.44631 at

a potential which is more negative by 28.5/n mV than F1/2, i.e.

[19]:

m= C -1,10 (5 )

The corresponding maximum current is given by the expression /589

[19]:

i,., O,4463 (nF) A Co Dj v(RT)i . (51)

At a temperature of 250 C, the equation of the maximum current

(in amperes) becomes [17]:

i Other authors [)17, 14] reported slightly different values:
0.452 and 0.477.
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2,72-,10502ACooD-D, t l, (52)

if the parameters in relation (52) are expressed as follows:

A in cm2 , CO0 in moles/cm 3, DO in cm2/sec and v in V/sec.

This relation shows that imax is prpportional to the

concentration of the substance which is reduced (0); this has led

to successful application of the VLVP method in electroanalytical

chemistry. The final relations obtained, (50)-(52), are also

applicable to processes of oxidation: equations (51) and (52)

are used unchanged, while in equation (50) the second term is

taken to be positive.

The mathematical treatment of the problem in the case Ib

where one of the reactant species is insoluble (substance R) can

also be found in the literature [17, 29, 30]. This type of

electrochemical reaction has great practical importance in the

field of cathodic electrodeposition of metals [6].

Two clear peaks in the current corresponding to the processes

of oxidation, respectively reduction, are seen on the current-

potential curves in cyclic volametry E47] (Fig. 5). A charac-

teristic feature in this case is the equality of the two maximum

currents:

ii (53)

and the fact that the difference between the potentials corres-

ponding to these maximum currents is given by the relation:

2601n, m ." (54)
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5.2. Irreversible Reactions' of Charge Transfer

In their general form, such reactions can be written

0 + - (II)

The differential equations (3) are maintained; the initial

conditions are

t=O; > O; CO C%. (55)
L___ - --

The limiting conditions are selected as follows: A590

o a(56)

5> ; O; ( o = o, (57)

where constant k is given by the equation

k* k,*exp - af,( - J. (58)

'4,,:IEquation (1) desc-ribes also in this case the variation of the

potential of cathodic reduction in time.

Equation (57) -- the last limiting condition -- can be

written as follows:

(59)

where ,' a o = ko ep (bt)5

(60)

Sk, exp [- af, (c -),
and
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b r 1 i(61)

ki is the rate constant related to the initial potential (i),

while blis a parameter analogous to the parameter a used in the

treatment of reversible reactions. Using a method of calculation

similar to t-hatipresented in the case of the reversible process,

i.e., introducing into equation -('27) the value CO(O,t) from

equation (59) -- on the basis of the limiting condition (57) --

and proceeding to changes of variables similar to those made in

equations (38)-(41), an integral equation of the Volterra type

is finally obtained:

.(z) dz = exp(u - -x (b%' (62)

where

. eexp [. (Db Db exp [fc)f (63)exp (u) -.

Equation (62(o was first obtained by Delahay [48] and in-

dependently by Matsuda and Ayabe [18].

Function X(bt) depends on the potential because the term bt /591
is given by the following equation:

bt =- O. (to(64)

As the standard potential (s0 ) is rarely known for completely

irreversible systems, the initial potential (ei ) is a convenient

reference point, and the data calculated for a particular value

of u can be utilized for any initial potential at a random dis-

placement on the potential axis.
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Nicholson and Shain [191 calculated the numeric values of

the current function on the basis of equation (62) utilizing a

potential axis defined by the relation

-n T N bt). (65)
f ke I.

Thus, the values of the function X(bt) can be used for

calculating the current according to the expression

1I=nFAg V-DC (66)

For the case of the irreversible processes, like for the

reversible ones, the values of the function X(bt) may be obtained

also based on the solution by series of the type given by

Reinmuth [46]:

1s" (Vt)' e r j (s..... 1. I b 1 /

The expression (67) is valid for bt > 1, i.e., at potential

values which are more negative than 100/ana (mV) as related to

the initial potential.

Since als6nin this case, the function of the current represents

a maximal value or peak, the expressions of its characteristic

parameters emax and imax are particularly important from a

practical standpoint.

According to thendmefical solution of Nicholson and Shain

[19], the relation expressing the potential at the peak is

i. v, (68)
I C (,78 + In V - In k.).
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In order to stress the dependence of smax upon the rate of

variation of the potential (v), relation (68) can be written in

a new form [48] using equations (60). and (61)

7 -In(ofE )j (69)M . ..... 917 :.. _ -2_

The equation of the maximum current at the temperature of /592

250 C is the following:

It should be mentioned that the equations of the current (60)

and of the maximum current (70) can also be expressed as functions

of the potential (e) and of Emax, respectively [19].

It is also possible to determine ks for kinetic studies

using a graphic representation of theoTafel type (log i as a

function of E - sii:))for values of the current smaller' hai,10%

of imax , since in this range the process is practically controlled

by the rate of electron transfer only.

In cyclic voltametry in the case of irreversible processes,

la 3 ic , and the difference a c = 6 0/n, which
max max max max max
is a criterion for distinguishing between irreversible and

reversible processes. The values of the difference Aemax can be

used for computing ks by the method of Nicholson [20], who

correlated these differences with a i function defined as

4, " k *(71)
V=fvDo

The limits of this function correspond to the completely

irreversible case ( -+ 0 and AEmax-n > 200 mV) and, respectively,

to the irreversible case (i + m and AEmax'n = 60 mV).
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5.3. Reactions of Charge Transfer Coupled to Chemical Reactions

The method of linear variation of the potential is of par-

ticular utility in the study of those systems, especially in

organic electrochemistry, where a homogeneous chemical reaction

is coupled to the electrochemical process of charge transfer.

The various versions found in practice were presented in Section 4.

The theoretical treatment of these systems was made in sev-

eral papers [19-241. We shall dwell below only on systems of

type III, a reaction of charge transfer coupled to a preliminary

chemical reaction.

For the sake of simplicity, we shall treat the case of a

chemical reaction of the first order coupled with reversible

transfer charge:

A-O (III)

S+ (IIIa)

The system of differential equations in this caseils: /593

A C + k ,Cof (72a)

_Co =Do a c - C -Co ,  (72b)

on, aCR (72c)

The initial conditions can be formulated as follows:

C = o + O == S; CA = on ( 0).27
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In this case the limiting conditions become for t > O; x + m

- K; C + C,4 00; -O0, (74)

CA

while for t > 0, x = 0

LA 09 (75)
ax

ac ac, i( ) (76)
,Do• U 0'

8 e ' nFA

(77)

The system of differential equations is solved in an

analogous way to the case presented in Section 5.1. The following

integral equation is finallyoobtained:

• ' " .. ' '(z) : '±K V 4.z (78

. -)(78)

exp

4--

The integral equation was calculated numerically [19]. How- /594

ever, the solution of the calculation by series is more convenient

as it makes it possible to reveal certain limiting cases which

are easily comparable with the experimental determinations. The

series solution has the following form [19]:

+ .- .) exp --jf--In (79)
llfa _- + _i If 1[ +K

where K = kl/k_1 and Z = k1 + k, 1 .
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This series can be analyzed qualitatively for two limiting

cases:

Z/ave-yrsmall (and therefore i/a + i = i),

i/a large9 (i.e., 1/a + i Z/a).

In the first case, series (79) becomes simpler:

x(al) -( ) ( )(+ K
, , i KE exp [:jf(a _ ) (80)

Thus, the current is a function which, unlike the case of

the reversible charge transfer (equation (49)), depends in addi-

tion on the value of K.

In the second case, two types of situations can be analyzed,

i.e., small, respectively large-, values for the term a/K/T. For

small values of this ratio, the series becomes:

-71 +1r<M ., (81)

which is similar to equation (49) with the exception that the

process takes place at potential values which depend on the

equilibrium constant K.

For large values of the ratio aI/K/T,,the series becomes

+.(at) y = (-- 1)V !VLex f s.-k- (82)

29In
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showing a dependence on K of both the current and the potential at /595

which the process takes place. It should also be said that due

to the appearance of the group 1/VCain all the terms of the series,

the current will be independent of this parameter and therefore

also of the rate of variation of the potential.

5.4. Reactions of Charge Transfer Involving Adsorption at the
Electrode

It should be mentioned from the beginning that ttreatment of

of these cases has been done by introducing certain limiting con-

ditions, due to the theoretical difficulties. Thus, the mass

transport, which is considered to be very rapid, has been

completely neglected; the same is true for the effect of the

diffuse electrochemical double layer. Let us cons.iider the process

represented by

A B. +e (VIIIa)

Based on the above considerations, the overall rate of this

process under the conditions of voltametry with linear variation

of the potential is time-dppendent and comprises, according to

Conway [37], the following three terms:

-- a nonfaradaic current associated with processes of

charging and discharging of the electric double layer: isd =
= Csd.de/dt;

-- a capacitance (pseudofaradaic) current associated with

the variation of the pseudo-capacity resulting from the ad-

sorption (or desorption) of intermediates according to the process

(VIIIa), icap = Cad.d/dt-
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-- a kinetic (faradaic) current corresponding to the electro-

chemical reaction which is possible in the investigated potential

range, ifd/ Usually, this current depends on the behavior of

the adsorbed intermediates (i.e., on icap), and practically no

clear distinction can be made between them.

The total current will be a function of time:

dt i 

From a ppradtical standpoint it is possible to consider

Cad >> Csd, which makes it possible to neglect the first term in

equation (83). Considering the other terms to be dependent on

the degree of screening, the equation of the current may be

written in the form [39, 49]:

dOF r.d (84)
Td

Under the conditions of Langmuir adsorption, the current

equation may be writteni[50]:

i = Fka1 (1 "0)exp [aft] - Fk_ 0 exp [- (1 - I)fs].

It results from this, relation that /596

1 + -' exp [-if] Fk,a, exp (afe] + Fk_, exp [-(1 - a) (86
k ,aa (86)

By derivation as a function of time (de/dt) and using rela-

tion (84),, one obtains:
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exp [-ft]
i =Fr. fv

I + [ ,- .exp(- f)

di

di (87)
FkaA exp (raf]+Fk_ exp [- (1 - a)f]

ak," Aexp rafte] -(1 - a) k_ exp - (1 -- a)fE]

F[kLaA exp [ofs] + k.- ep [- (1-)fC]] I

This differential equation cannot be solved analytically.

The numerical solutions were given by Srinivasan and Gileadi [25].

The above equations can be simplified for certain particular

cases, when accessible analytical solutions are possible. Two

limiting cases can be analyzed:

a) a process considered to be in quasi-equilibrium, which

implies

i FkaA (1 - 0) exp [f],

and
ig Fk 0 exp [- (I -) fs].

(88)

In this case, the second term in equation (86) may be neg-

lected; the degree of screening is given by

1 + kexp[-f](89)
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Taking into account the above considerations, the current /597

equation becomes

exP [-fri
oFFv k1a e*(90)

+ -i exp (-fs)
k, fa,

where e = Ei + vt for anodic processes.

For determination of the maximum current (imax) and of the

corresponding potential (max), the following maximum condition

can be introduced:

di d (91)

dt d'i

And so

.1 k,aA

(92)

By introducing the expression (02) in equation (90), the

following is obtained for the maximum current:

F r_ L-.T /(93)

Relations (92) and (93) show that in this particular case,

the potential emax is independent of the rate of variation of the

potential, while the maximum current (imax) is directly propor-

tional to it.

b) the electrode process takes place at high anodic po-

tentials, i.e.,
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ka(1 - 0) exp [afc] >> k-0O exp -(1 - x)f]./

In this case, the current equation (87) becomes:

ifva- 
()

r 'dt 95)
ka, exp [ ef

Applying the maximum condition di/dt = 0, the expression

of the corresponding potential is obtained from equation (95):

.In + - n .

In order to obtain the maximum current, relation (95) can be /598

modified as follows:

---- ----- ----------,"
[k.aAd( -exp (a) (97)

-d In i= [ka, exp (xf) - rfva d. (98)

Integrating this"equation leads tb:

In i kja, exp (af4) - frast +C. (990,
r, af .

The integration constant C corresponding to t = 0, E = ei
and i = FklaA exp (afEi), while vt = E - ei, which after re-

arranging equation (99) leads to:

in i =ln Fka, - v exp (afc.) [exp af(e - ') - 1] +f. (100)

In order to obtain the maximum current, equations (96) and

(100) can be combined:
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r .xf, F'op.)-] (101)

For this case

IA exp (af ') -C I, (102)

relation (101) becomes

(103))

Si.n = In (af Fr.) - 1
or

i,= - - PrfF , ./ (104l)

which indicates a proportional relationship between the maximum

current (the peak) and the rate of variation of the potential.

As mentioned above, treatment of the process (VIIIa) was

done for the case of adsorption conditions of the Langmuir type.

Under conditions of Temkin-type adsorption, the pboblem was

treated by Hale and Greef [26].

Conclusions /599

1) The method of voltametry with linear variation of the

potential can be applied in practice under potentiostatic control

in at least three different ways (see Fig. 1).

2) VLVP can be used in practice with good results on Hg

electrodes and especially on electrodes made of solid metals,

depending on the rate of variation of the potential (de/dt) in the

Collowing fields:
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I T -  of electrochemical reactions,

, i b) study of intermediates

Sand of the.pphenomenon of electro-

, _ c sorption and electrocatalysis,

with wide applications in organic

Fig. 5. Cyclic voltametry electrochemistry and in the

applied to a reversibIe technology of combustion piles,
redox system.

Key: a. Current; b. Poten- c) electroanalytical chemi-
tial stry for determinatItnof the

concentration of a species from

the values of the maximum current which are accurately and directly

measurable.

3) VLVP and especially linear cyclic voltametry makes it

possible to establish the type (mechanism) of electrochemical

reactions, both by comparing the values of the maximal anodic and

cathodic currents and by determining the number of electrons (n)

involved in a given electrochemidal stage (Fig. 5).

4) VLVP makes it possible to determine simultaneously for a

given system a relatively large number of electrochemical param-

eters: io, a, ks , n, e, Cdif, Fi, 6 1 / 2 , imax, CO, etc., and is

therefore very advantageous by comparison with other methods.
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